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In the ancient railway sub-structure in France, after years of operation, the inter-penetration of ﬁne particles of sub-grade and ballast has created
a new layer referred to as the interlayer. As it was naturally formed, the ﬁnes content and water content of the interlayer vary considerably. In this
study, the effects of the ﬁnes and water contents on the mechanical behavior of interlayer soil were investigated by carrying out large-scale
monotonic and cyclic triaxial tests. The results of the monotonic triaxial tests show that adding more ﬁnes in the interlayer soil does not
signiﬁcantly change the shear strength in the dry condition (water content w¼4% and 6%), but drastically decreases the shear strength parameters
(friction angle and cohesion) in the nearly saturated condition (w¼12%). The cyclic triaxial tests were performed at various deviator stress levels.
By considering the permanent axial strain at the end of application of each stress level, it was found that the higher the ﬁnes content in the nearly
saturated condition (w¼12%), the larger the permanent axial strain. In the case of lower water content (w¼4% and 6%), the opposite trend was
identiﬁed: adding ﬁnes decreases the permanent axial strain.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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IGC; D061. Introduction
In France, even though some new railway lines for high
speed train have been constructed since 1970s, ancient lines
(most of which were constructed in the 1800s) still represent
94% of the 30,000 km total network. While the new railway
sub-structures are composed of several layers (ballast, sub-3 The Japanese Geotechnical Society. Production and hosting by
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der responsibility of The Japanese Geotechnical Society.ballast, capping layer, etc.) whose characteristics and functions
are well deﬁned, this is not the case for the ancient ones, which
consist mainly of ballast emplaced directly on natural sub-
grade at the moment of construction. Under train action over
years, the inter-penetration between ballast and sub-grade ﬁne
particles created a new layer, which is referred to as the
interlayer (Calon et al., 2010; Trinh, 2011; Duong et al., 2013).
The presence of ﬁnes inside ballast is known as one of the
main causes of fouling (Ayres, 1986; Selig and Waters, 1994;
Alobaidi and Hoare, 1998a; 1998b; 1999; Indraratna and
Salim, 2002; Voottipruex and Roongthanee, 2003; Ghataora
et al., 2006; Mayoraz et al., 2006; Zeghal, 2009; Giannakos,
2010; Lieberenz and Piereder, 2011; Indraratna et al., 2011a,
2011b; Bailey et al., 2011; Read et al., 2011; Sussmann et al.,
2012). Fouled ballast is usually considered as a detriment toElsevier B.V. All rights reserved.
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Fig. 1. Grains size distribution of the studied soils.
T.V. Duong et al. / Soils and Foundations 53 (2013) 868–878 869sub-structures which needs to be replaced in practice. How-
ever, the interlayer can be maintained during the renewal of
ancient tracks mainly due to its good bearing capacity. As the
interlayer is naturally formed, the ﬁnes nature and ﬁnes content
vary considerably. In addition, the water content in the
interlayer can change signiﬁcantly depending on the weather
conditions. From a practical point of view, it is important to
assess the effect of the ﬁnes content and water content on the
permanent strain of interlayer under cyclic loading.
The important role of water content in the mechanical
behavior of sub-structures has been shown in numerous
studies: when water is entrapped in the sub-structure, pore
pressure can increase signiﬁcantly under the train, resulting in
a decrease in both the shear strength and stiffness of sub-
structures (Alobaidi and Hoare, 1994, 1996; Huang et al.,
2009; Indraratna et al., 2011b; Trinh et al., 2012). Various
studies have also shown the signiﬁcant inﬂuence of ﬁnes
content: increasing the quantity of ﬁnes signiﬁcantly affects the
mechanical behavior of coarse-grained materials (Babic et al.,
2000; LCPC and SETRA, 2000; Pedro, 2004; Naeini and
Baziar, 2004; Kim et al., 2005; Verdugo and Hoz, 2007;
Cabalar, 2008, 2011; Seif El Dine et al., 2010; Ebrahimi, 2011;
Anbazhagan et al., 2011). It has been observed that if the ﬁnes
content reaches a critical value, the soil behavior changes
completely. However, it seems that there is no unique thresh-
old of ﬁnes content for all kinds of soil, suggesting that the
inﬂuence of ﬁnes content depends on the soil nature.
On the whole, for the railway sub-structures, the combined
effect of water content and ﬁnes content has been scarcely
studied. In this study, the effects of water content and ﬁnes
content are investigated by performing large-scale monotonic
and cyclic triaxial tests on interlayer soil specimens prepared
by compaction at three water contents and four ﬁnes contents.
The mechanical properties such as friction angle, cohesion and
permanent axial strain are analyzed.
2. Materials
Interlayer soil was taken from the site of Sénissiat, near
Lyon, France. The interlayer has a thickness of about 0.3 m.
The grain size distribution curves of the interlayer soil (ITL0)
and the sub-grade (SG) are presented in Fig. 1. Mineralogical
analysis showed that the interlayer soil is a mixture of
materials that came from the construction of the track, the
maintenance (broken stones, gravel, sand, etc.), the aging
process of track components and the sub-grade. The density of
soil particles smaller than 2 mm is ρs¼2.67 Mg/m3. For the
soil particles larger than 2 mm and those greater than 20 mm,
the value is ρs¼2.68 Mg/m3. More details about the char-
acterization of this soil can be found in Trinh (2011) and Trinh
et al. (2010a, 2010b, 2011a, 2011b).
In order to study the inﬂuence of ﬁnes content on the
mechanical behavior of interlayer soil, the ﬁnes content was
varied by decreasing or increasing the sub-grade fraction:
10% (ITL10), þ5% (ITL5) and þ10% (ITL10) by dry mass
(dry mass of sub-grade/dry mass of interlayer soil). Note that
unlike in the case of fouled ballast where fouling material isdeﬁned as the portion passing through 9.5 mm sieve (Selig and
Waters, 1994), as the interlayer was created mainly by the
interpenetration of ballast and sub-grade, the sub-grade was
considered as ﬁnes in the interlayer when changing the ﬁnes
contents. As the sub-grade consist mainly of ﬁne particles
smaller than 80 μm (see Fig. 1), ITL10 was prepared by
removing a certain quantity of particles smaller than 80 μm
from the natural interlayer soil by sieving. ITL5 and ITL10 were
prepared simply by adding the mass of sub-grade required. The
grain size distribution curves of ITL10, ITL5 and ITL10 are
also shown in Fig. 1.
Basically, the effect of ﬁnes on the mechanical behavior of
interlayer soil is similar to that on fouled ballast; thereby, some
parameters used to characterize the fouling state of ballast can
be adopted for the interlayer soil. Selig and Waters (1994)
proposed the fouling index (FI) to describe the ballast fouling
based on the gradation obtained from representative specimens
in North-America, as follows:
FI ¼ P4þP200 ð1Þ
where P4 and P200 are percentages of ballast particles passing
through sieve N1 4 (4.75 mm) and N1 200 (0.075 mm),
respectively.
The Relative Fouling Ratio (Rb f), proposed by Indraratna
et al. (2011b), describes the weighted ratio of the dry mass of
fouling particles Mf (passing through 9.5-mm sieve) to the dry
mass of ballast Mb (particles retained in 9.5-mm sieve):
Rb f ¼
Mf  ðGsb=Gs f Þ
Mb
 100% ð2Þ
where Gs f, Gsb are speciﬁc densities of fouling materials
and ballast, respectively.
Using these two parameters, the fouling states of ITL10,
ITL0, ITL5 and ITL10 were evaluated, and the results are
presented in Table 1. It can be seen that only ITL10 is in the
category of “fouled” while the other three materials fall in the
category of “highly fouled”. Note that the values divided these
two categories are 39 for FI and 50 for Rb f.
Table 1
Fouling state of the materials studied.
Soil Fouling
index FI ()
Relative fouling
ratio Rb f (%)
Fouling
category
35 40 Fouled
ITL0 45 56 Highly fouled
ITL5 52 64 Highly fouled
ITL10 59 72 Highly fouled
Fig. 2. Schematic view of the large triaxial apparatus (Trinh et al. 2012).
Table 2
Program of monotonic triaxial tests.
Water content
(%)
Conﬁning
pressure (kPa)
Soil
ITL0 ITL10
w¼4 30 ITL0w4s30 ITL10w4s30
100 ITL0w4s100 ITL10w4s100
200 ITL0w4s200 ITL10w4s200
400 ITL0w4s400 –
w¼12 100 ITL0w12s100 ITL10w12s100
200 – ITL10w12s200
400 ITL0w12s400 –
Table 3
Program of cyclic triaxial tests.
Water
content (%)
Soil
ITL10 ITL0 ITL5 ITL10
w¼4 ITL10w4C ITL0w4C – ITL10w4C
w¼6 ITL10w6C ITL0w6C ITL5w6C ITL10w6C
w¼12 ITL10w12C ITL0w12C – ITL10w12C
T.V. Duong et al. / Soils and Foundations 53 (2013) 868–8788703. Experimental procedure
All the soil specimens were prepared before being subjected
to triaxial tests. The specimens were prepared by oven-drying
for 24 h before water was added using a large mixer to reach
the target water contents. The wet materials were then stored in
hermetic containers for at least 24 h for moisture homogeniza-
tion. Compaction was performed using a vibrating hammer.
This procedure of sample preparation follows the French
standard (AFNOR, 2005) and was used by Trinh et al.
(2012). All the tested specimens were prepared at a dry unit
mass of 2.01 Mg/m3. This is the maximum dry density which
can be reached in the adopted condition. To test this interlayer
soil with the largest particles whose diameter can reach 60 mm,
a large-scale triaxial device developed by Dupla et al. (2007)
was used allowing testing specimens of 300 mm in diameter
and 600 mm in height. A schematic view of the triaxial
apparatus was presented in Fig. 2. A vertical displacement
was integrated in the hydraulic actuator giving the axial
deformation. A second external hydraulic actuator generates
the conﬁning water pressure s3. The change of water volume
allows the volumetric strain εv to be determined.
Both monotonic and cyclic triaxial tests can be carried out.
In the case of cyclic tests, large number of cycles (up to several
millions) at a frequency of several tens of Hertz (depending on
the displacement amplitude) can be applied.
In order to determine the shear strength parameters of
interlayer soil (friction angle and cohesion), monotonic drained
triaxial tests were ﬁrst performed on ITL0 and ITL10 at two
different water contents and under different conﬁning pres-
sures. Some studies with triaxial tests on other similar
materials under different conﬁning pressures were performed
by Taheri and Tatsuoka (2012) and Vilhar et al. (2013). To
investigate the permanent strain development under cyclic
loading, cyclic triaxial tests were conducted on all soils at three
different water contents. The experimental program is pre-
sented in Table 2 for the monotonic triaxial tests and in Table 3
for the cyclic triaxial tests. The tests are named according to
the material (ITL10, ITL0, ITL5, ITL10), water content and
conﬁning pressure. For instance, ITL0w4s30 means a mono-
tonic triaxial test on ITL0 at 4% water content and 30 kPa
conﬁning pressure; ITL0w4C means a cyclic triaxial test on
ITL0 at 4% water content.
In the cyclic triaxial tests, the multi-step loading procedure
proposed by Gidel et al. (2001) was adopted. This procedure
allows several stress levels to be applied before the soil specimen
reaches failure state, reducing thus the number of tests andavoiding the variability of soil specimens. After the specimen
was installed, a conﬁning pressure s3¼30 kPa was applied. The
choice of the stress levels was based on the stress distribution in the
railway platform as well as the envelope of shear strength
determined from the monotonic triaxial tests. Note that the stress
distribution within the interlayer depended on the wheel load,
dimensions of sleeper, thickness of ballast layer. In the case of
France, the wheel load applied by a train is about 16–22 t per axle
T.V. Duong et al. / Soils and Foundations 53 (2013) 868–878 871(Alias, 1984); the thickness of ballast and interlayer varies from
250 mm to 600 mm and the distance between two sleepers is
0.6 m. Based on the elasticity theory, the vertical stress at the top of
interlayer can be calculated: 40–90 kPa. This range is similar to
that observed for Indian railways (Jain and Keshav, 1999) and
American railways (Selig and Waters, 1994; Yang et al., 2009).
Considering a Poisson's ratio of 0.3–0.4 as proposed by Selig and
Waters (1994), an average value of 30 kPa can be estimated for the
horizontal stress. Note however that in other countries where
heavier wagons are used the wheel load may reach 30 t per axle
(Alias, 1984), corresponding to a vertical stress of 120–140 kPa on
the interlayer (Li and Selig, 1998; Jain and Keshav, 1999; Grabe
and Clayton, 2009). In this study, a maximum vertical stress of
200 kPa was applied in the cyclic triaxial tests.
During the cyclic tests, the maximum deviator stress (qmax)
was increased in steps (from 0 to various desired values) while
the conﬁning pressure was kept constant. The specimens were
loaded to 30,000 cycles at a frequency of 5 Hz for each
maximum deviator stress level. The frequency considered is
the dominant one among a number of frequencies generated in
the French ancient sub-structures at a train speed of 100 km/h
(SNCF, 2009). For ITL10, ITL0 and ITL10, the specimens0 2 4 6 8 10 12
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Fig. 3. Results from monotonic triaxial tests on ITL0 – effect of water content.were loaded at three water contents (w¼4%; 6% and 12%),
corresponding to three initial degrees of saturation (Sri¼32%;
49% and 100%). In the case of ITL5, because of lack of
material, only one cyclic test at a water content of w¼6% was
conducted.4. Results and discussion
4.1. Monotonic triaxial test
The results of monotonic triaxial tests on ITL0 and ITL10 at
two water contents (w¼4% and 12%) and under different
conﬁning pressures are presented in Figs. 3–6. Dilation is
considered as negative and compression is positive. On the
whole, with higher conﬁning pressure, the peak deviator stress
was higher and the contractive behavior was more signiﬁcant,
as expected.
For ITL0, under 400 kPa conﬁning pressure, the behavior is
merely contractive (Fig. 3b) and no peak deviator stress was
observed till 12% of axial deformation (Fig. 3a) in the cases of
water content w¼4% and 12%. However, it is possible that
peak deviator stress would have appeared at a larger axial0 2 4 6 8 10 12
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Fig. 4. Results from monotonic triaxial tests on ITL10 – effect of water content.
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Fig. 5. Results from monotonic triaxial tests on ITL0 and ITL10 at w¼4% –
effect of ﬁne particles content.
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Fig. 6. Results from monotonic triaxial tests on ITL0 and ITL10 at w¼12% –
effect of ﬁnes content.
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Fig. 7. Young modulus versus conﬁning pressure for ITL0 and ITL10 at w¼4%
and 12%.
T.V. Duong et al. / Soils and Foundations 53 (2013) 868–878872strain. Indeed, previous studies on ballast shear behavior
showed that the peak value can be recorded at an axial strain
beyond 12% (Indraratna et al., 1998). Under 100 kPa conﬁning
pressure and at w¼4%, a peak deviator stress was recorded,
and the volume change behavior was ﬁrst contractive then
dilative. On the contrary, at the saturated state (w¼12%) the
peak deviator stress was not recorded and the behavior was
solely contractive. As mentioned before, it is possible that peak
deviator stress would have appeared at a larger axial strain.
This effect of water content on the ductility/fragility was also
identiﬁed by Cui and Delage (1996) for a compacted
unsaturated silt.
For ITL10 (Fig. 4), whatever the water content and the
conﬁning pressure, the volume change behavior is clearly
characterized by contraction followed by dilatancy. However,
increasing water content from w¼4% to 12% favorites the
compression behavior (Fig. 4b). In Fig. 4a, peak deviators
were recorded at w¼4% but not at w¼12%, showing again
the effect of water content on the ductility/fragility of soil.
The effect of ﬁnes content can be appreciated in Figs. 5 and 6
for w=4% and 12%, respectively. Under the unsaturated condition(w=4%), adding more ﬁnes increases the deviator stress or shear
strength in the test with s3=30 kPa and 200 kPa but decreases in
the test with s3=100 kPa (Fig. 5a). The decrease under 100 kPa
T.V. Duong et al. / Soils and Foundations 53 (2013) 868–878 873conﬁning pressure is difﬁcult to explain and further study is needed
to clarify this point. Note that this particularity does not affect the
overall interpretation thanks to the data with other three conﬁning
pressures (30, 200 and 400 kPa). With regard to volumetric strain,
the increase of ﬁnes content makes the compression more
pronounced (Fig. 5b). This phenomenon can be explained as
follows: the ﬁne particles are normally more compressible than the
big solid grains. The compression of specimen becomes more
signiﬁcant when the big particles were replaced by ﬁne particles.
At nearly saturated state (w¼12%), adding ﬁnes makes the
volume change more dilative (Fig. 6a). In Fig. 6a, the curve of
ITL0 is always above the curve of ITL10, showing that addition
ﬁnes decreases the shear strength. The different effect of ﬁnes
content on shear strength between ITL0 and ITL10 can be explained
by both the suction and ﬁnes effects. In unsaturated state, for the
same water content, increasing ﬁnes content makes the suction
higher, thus strengthening the soil. On the contrary, in saturatedTable 4
Internal friction angle and cohesion of studied materials.
Water content (%) Soil Internal
friction angle φ (deg)
Cohesion
c (kPa)
w¼12 ITL0 37 16
ITL10 29 21
w¼4 ITL0 39 42
ITL10 37 48
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Fig. 8. First cycles of cyclic triaxial test on ITL0 at w¼4%state, suction becomes zero and the shear strength decreases
accordingly.
Fig. 7 shows the Young modulus determined in the range
from 0% to 0.1% of axial strain. It can be observed that
increasing conﬁning pressure leads to an increase in the
Young's modulus, with a larger rate of increase in the lower
range of conﬁning pressure (smaller than 200 kPa).
The values of internal friction angle and cohesion are
determined and presented in Table 4. It can be observed that
when water content increases from 4% to 12%, the values of
friction angle and cohesion decrease for both ITL0 and ITL10 –
the internal friction angle changes from 391 to 371 for ITL0 and
from 371 to 291 for ITL10 while the cohesion decreases
signiﬁcantly from 42 kPa to 16 kPa for ITL0 and from
48 kPa to 21 kPa for ITL10. A similar observation about the
decrease of internal friction angle when increasing water
content was made by Seif El Dine et al. (2010), Indraratna
et al. (2011b), Selig and Waters (1994), Fortunato et al. (2010)
and Ebrahimi (2011).
The effect of ﬁnes content on shear strength can also be
analyzed by ﬁxing a water content value. In dry conditions
(w¼4%), adding 10% of ﬁnes does not signiﬁcantly change
the shear strength parameters: 391 against 371 (friction angle)
and 42 kPa against 48 kPa (cohesion) for ITL0 and ITL10,
respectively. But in nearly saturated conditions (w¼12%),
there is a large difference between two soils: adding ﬁnes
decreases the internal friction angle from 371 to 291 and
increases the cohesion from 16 kPa to 21 kPa. The test results
show that the ﬁnes content has a more pronounced effect when6 7 8 9 10 11
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Fig. 9. Permanent axial strain versus number of cycles for ITL0 – (a) 4% water
content; (b) 6% water content and (c) 12% water content.
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Fig. 10. Permanent axial strain versus number of cycles for ITL10 – (a) 4%
water content; (b) 6% water content and (c) 12% water content.
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Fig. 11. Permanent axial strain versus number of cycles for ITL5 at 6% water
content.
T.V. Duong et al. / Soils and Foundations 53 (2013) 868–878874the soil is close to saturation. Similar observations were made
by Ebrahimi (2011), Kim et al. (2005) and Huang et al. (2009)
on fouled ballast: the effects of water content and ﬁnes content
are strongly related and should not be considered separately.
That is, increasing water content negatively boosts the effect of
ﬁnes content on shear strength parameters. The reason for the
shear strength decline can be explained by the sensitivity of
ﬁnes to changes of water content. In dry conditions, at given
water content, thanks to the effect of suction, adding ﬁnes does
not signiﬁcantly change the behavior of soil. Upon water
content increase, soil suction decreases, leading to a decrease
in interlayer soil strength. Note that a similar suction effect was
identiﬁed by Inam et al. (2012) and Wang et al. (2013).4.2. Cyclic triaxial tests
The results of test ITL0w4C (for ITL0 at 4% water content) are
presented in Fig. 8 for the ﬁrst ten cycles. The deviator stress, q,
varies following a sinusoidal function between 0 and the
maximum value, qmax¼45 kPa (Fig. 8a). In Fig. 8b, two distinct
parts can be identiﬁed on the axial strain curve: a reversible part,
ε1
r , and an irreversible part, ε1
p. The reversible strain remains
fairly constant, while the irreversible strain (permanent strain)increases with loading cycles, at a rate that tends to decrease
with increasing number of cycles. After the stage of qmax¼45
kPa, the deviator stress qmax is then increased to 90 kPa,
140 kPa and 200 kPa. For each value of qmax, 30,000 cycles
are in general applied. This number of cycles is applied for
almost all loading stages except the last one in order to be able
to compare the results.
In Fig. 9a, the results of test ITL0w4C are shown in terms of
permanent axial strain versus number of cycles. For all deviator
stress levels, the permanent axial strain increases quickly during the
T.V. Duong et al. / Soils and Foundations 53 (2013) 868–878 875ﬁrst cycles. It stabilizes then after 30,000 cycles at 2.19 102%
and 9.20 102% for qmax¼45 kPa and 90 kPa, respectively. At
the end of stage 3 (qmax¼140 kPa), the permanent axial strain is
not stable after 30,000 cycles. At the last deviator stress level
(qmax¼200 kPa), some data was lost for the ﬁrst cycles, but the test
was continued until 180,000 cycles. No stabilization is observed
even at this large number of cycles. In Fig. 9b and c, the results of
tests ITL0w6C and ITL0w12C are presented, respectively. The trend
for test ITL0w6C (for ITL0 at 6% of water content) is similar to that
for ITL0w4C. For test ITL0w12C (near saturated state), failure is
observed at qmax¼200 kPa after just some limited cycles.
The variations of permanent axial strains with number of
cycles for tests ITL10, ITL5 and ITL10 are shown in Figs. 10,
11 and 12, respectively. For ITL10, three tests were
performed at three water contents (4%; 6% and 12%). In each
test, the deviator stress was increased in steps: 23, 45, 71, 90,
140 and 200 kPa. At low stress levels (up to 90 kPa deviator
stress), the permanent axial strain reaches stabilization at the
end of each loading stage (30,000 cycles). By contrast, for
higher stress levels (140 and 200 kPa deviator stress), the
permanent axial strain continues to increase even after 30,000
cycles. For the test in near saturated state at 200 kPa deviator
stress (Fig. 10c), failure is observed after some limited cycles.0 20000 40000 60000 80000 100000 120000
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Fig. 12. Permanent axial strain versus number of cycles for ITL10 – (a) 4%
water content; (b) 6% water content and (c) 12% water content.In the case of ITL5 (Fig. 11), only one test was performed
for 6% of water content due to the limited quantity of material.
Four deviator stress levels were applied (45, 90, 140 and
200 kPa). For all the stress levels, the permanent axial strain
reaches stabilization at the end of loading cycles (30,000
cycles).
In the case of ITL10 (Fig. 12), four maximum deviator stress
levels of 23, 45, 71, and 102 kPa were applied for 4% and 12%
of water contents. For the test of w¼6% (Fig. 12b), the
deviator stress was increased in steps from 0 to 45, to 90, 140,
and 200 kPa. It can be observed that in all tests the permanent
axial strain reaches stabilization at the end of loading cycles. In
other words, failure did not take place.
Fig. 13 presents the permanent axial strains obtained at the
end of each loading step (same number of cycles) versus the
corresponding qmax for each soil at three different water
contents, allowing analyzing the effects of stress level and
water content on the permanent axial strain. For ITL10
(Fig. 13a), the curves are similar up to 90 kPa deviator stress.
Beyond 90 kPa, the permanent axial strain of ITL10w4C was
smaller than that of ITL10w6C and ITL10w12C. Note that
failure occurred for the nearly saturated specimen (w¼12%)
when Δqmax¼200 kPa. For ITL0 (Fig. 13b), three curves are0 30 60 90 120 150 180 210
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Fig. 13. Effect of water content on the end-stage permanent axial strain for
ITL10, ITL0 and ITL10.
T.V. Duong et al. / Soils and Foundations 53 (2013) 868–878876well separated. At all stress levels, the higher the water
content, the larger the permanent axial strain. Failure was also
observed for the nearly saturated specimen at Δqmax¼200 kPa.
For ITL10 (Fig. 13c), the curve of the specimens at w¼4% and
6% are similar, while for the nearly saturated specimen
(ITL10w12C), the permanent axial strain is much larger. The
effect of water content depends not only on the soil nature but
also on the variation range of water content. Changing the
water content from 4% to 6% did not signiﬁcantly affect the
permanent axial strain of ITL10, which had the highest ﬁnes
content but rather induced signiﬁcant changes in the case of
lower ﬁnes content (ITL10 and ITL0). On the contrary,
increasing the water content from 6% to 12% induced a
signiﬁcant change in the permanent axial strain for ITL10 (with
the highest ﬁnes content), but not for ITL10 (having the
lowest ﬁnes content) when the stress was lower than 140 kPa.
At a given stress level, increasing water content resulted in an
increase in permanent axial strain. These permanent axial
strains are presented in Fig. 14 showing the inﬂuence of degree
of saturation under difference applied deviator stresses. The
inﬂuence of water content can be then depicted more clearly.
In the case of ITL10 (Fig. 14c), when the deviator stress was
lower than 90 kPa, a small decrease trend was observed within
a small axial strain range (o5 103) when the degree of
saturation increased from 49% (6% water content) to 100%
(12% water content). When the applied stress became higher,
the axial strain increased with the increase of degree of
saturation (water content) as in other cases (Fig. 14a and b).20 40 60 80 100
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Fig. 14. Water effect with different stress valuFig. 15 shows the permanent axial strains obtained at the
end of each loading step versus the corresponding qmax for
each water content value, allowing the effect of ﬁnes content
on the permanent axial strain to be analyzed. In the case of
w¼4% and 6% (Fig. 15a and b, respectively), the permanent
axial strain for test ITL10w4C and ITL10w6C was signiﬁ-
cantly higher than for others, suggesting that the lower the
ﬁnes content, the larger the permanent axial strain. In the
nearly saturated state (Fig. 15c), the effect of ﬁnes content was
inversed: the soil with the highest ﬁnes content (ITL10)
exhibited the largest permanent axial strain. Uthus et al.
(2005) and Uthus (2007) also observed that the effect of water
content on the permanent axial strain depended on the ﬁnes
content. This phenomenon can be explained as follows: in the
unsaturated state, water is mainly trapped by ﬁne particles. At
the same density and water content, if the ﬁnes content is
higher, the soil suction must be higher. As a result, the soil is
mechanically more resistant. On the other hand, ﬁne particles
are well known to be very sensitive to changes in water
content, and when the water content is 12%, the soil becomes
saturated and its suction approaches zero leading to a decrease
in ﬁne particles strength and further the overall mechanical
behavior of soil. Similar observations were reported by
Fortunato et al. (2010), Seif El Dine et al. (2010) and Huang
et al. (2009).
On the whole, at a given water content in dry condition, adding
more ﬁnes has a positive effect on the mechanical behavior of
interlayer soil (the permanent axial strain is reduced), while in the20 40 60 80 100
0
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e (a) ITl10; (b) ITl0 and (c) ITl10.
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Fig. 15. Effect of ﬁnes content on the end-stage permanent axial strain at
various water contents.
T.V. Duong et al. / Soils and Foundations 53 (2013) 868–878 877nearly saturated condition, adding more ﬁnes boosts the axial
strain. This means that in the railway context, during the
assessment and exploitation of the interlayer soil, the effect of
water content and ﬁnes content must be taken into account
together. The interlayer soil containing a larger quantity of ﬁne
particles has to be protected from water inﬁltration in order to
avoid any increase of water content that would decrease its
mechanical performance.5. Conclusion
The present work investigates the effects of water content
and ﬁnes content on the mechanical behavior of interlayer soil.
The quantity of ﬁne particles in soil was modiﬁed by adding/
removing ﬁnes. Four materials with different ﬁnes contents
were tested using a large-scale triaxial cell. Monotonic triaxial
tests were ﬁrst performed to study the variation of internal
friction angle and cohesion and to help deﬁne the deviator
stress levels in cyclic triaxial tests. Cyclic triaxial tests were
conducted at different water contents and deviator stress levels.
The permanent axial strain was investigated to analyze the
effects of water and of ﬁne particle contents.The monotonic triaxial tests showed that increasing water
content decreases the shear strength of interlayer soil at two
ﬁnes contents corresponding to two fouling indices (FI¼45 and
59). In addition, the effect of water content is more pronounced
in the case of higher ﬁne content. Adding more ﬁne particles
does not result in a clear change in mechanical properties
(friction angle and cohesion) in unsaturated condition (w¼4%)
but results in signiﬁcant decrease in nearly saturated condition.
Adding more ﬁne particles affects the cyclic behavior of
interlayer soil in different fashions. In dry condition (w¼4%
and 6%), adding ﬁnes decreases the permanent axial strain due
to the suction effect. On the contrary, in nearly saturated
condition (w¼12%), the higher the ﬁnes content the higher the
axial permanent strain. This is because the interlayer soil is
weakened mechanically due to the sensitivity of ﬁne particles
to water content changes in the nearly saturated condition.
From a practical point of view, the increase of ﬁnes content on
the mechanical behavior of interlayer is acceptable in the case of
lower water content (dry state). However, in the case of high water
content (at the nearly saturated state), the interlayer with high ﬁnes
content needs to be protected from water inﬁltration. Otherwise, a
signiﬁcant decrease in mechanical performance can be expected.Acknowledgments
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